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ABSTRACT

Quantitative analysis of the interactions of -OH and e, with ferri-
myoglobin in neufral aqueous solution provides a basis for evaluat-
ing eazlier studies of the radiolysis of myoglobin. y-tadiolysis of
deaerated solutions in which either -OH o1 ey4 predominates leads
to the formation of both deoxymyoglobin and ferrimyoglobin
peroxide. Correction for a post-irradiation thermal process allows
radiation-induced composition changes to be separately investi-
gated. Depending on the radical system under consideration, a spe-
cific steady-state composition is reached at meoderate doses that
involves the ferri, deoxy, and ferri-peroxide forms of the myoglobin,
Acration of #rradiated solutions quantitatively converis the deoxy-
myoglobin fo oxymyoglebin. Radiolysis of oxygenated solutions
containing NoO generates only ferrimyoglobin peroxide. Earlier
studies on the radiolysis of ferrimyoglobin have been re-evaluated
in light of novel features that have emerged in this investigation.

INTRODUCTION -

GAMMA-TIRRADIATION has been investigated widely asa
means of sterilizing or pasteurizing meat products. Upon
irradiation, the color pigment myoglobin is known to
undergo chemical changes that result in discoloration of the
meat sample. Previous qualitative studies spanning the last
25 years on the radiation chemistry of meat extracts and
myoglobin solutions offer reasonable consensus that ferri-
myoglobin is radiolytically reduced in aqueous solution.
While Tappel (1956) believed that the red product in
aerated solution is oxymyoglobin, others, including Bernof-
sky et al. (1959), Brown and Akoyunogloun (1964), Clarke
and Richards (1971), and Safterlee et al. (1972), have sug-
gested it to be a spectrally similar material. Ferrimyoglobin
peroxide, which has absorption maxima similar to those of
the oxy form (MbQO;) in the visible region, has been con-
clusively shown as a product component in the radiolysis
of ferrimyoglobin (ferriMb} in aqueous solution by Bernof-
sky et al. (1959). This important product form, overlooked
by other workers in the field, was confirmed by Giddings
and Markakis (1972).

The product spectrum obtained by Bernofsky et al.
(1959) under dose conditions high enough to ensure that
no further spectral change occurred, was not that of MbO,
or ferri-peroxide, but rather, was similar to both. These
authors consequently concluded that the product was a
modified oxygenated form of myoglobin of an “inter-
mediate type.” Addressing the effect of aeration on the
product distribution in the radiolysis of ferriMb, Giddings
and Markakis (1972) proposed that MbO, and ferri-perox-
ide were separafely generated in deaerated and aerated
solutions, respectively.

As part of our research on the radiation preservation of
meat (Shieh et al,, 1979), we have quantitatively studied
the interaction of -OH and Baq radicals with myoglobin.
From analyses of composifional changes induced by 7y-
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radiation, we have been able to clarify the issues raised in
these previous reporis.

EXPERIMENTAL

THE METHOD for isolation and purification of bovine muscle oxy-
myoglobin followed the techniques of Hazdman et al. (1966) and
Yamazaki et al. (1964). FerziMb was produced by cxidation of pure
MbO, by FB(CN)53 — and removed by dialysis and chromatography.
The deoxy (Mb) and ferri-peroxide dorms were generated from the
ferri derivative by addition of excess 55042 and H5 O, respec-
tively. The ferri-peroxide form has been rigorously studied by Fox
et al. (1974); # may be formally designated as Mb(IV) (King and
Winfield, 1963) in order to emphasize that it is" one-equivalent
highez than the oxidation state in ferriMb. Bernofsky ef al (1959)
and Gidding and Markakis (1972) have used the older nomenclature
of “ferrylmyoglobin™ in reference to this material, We will use the
symbol Mb(IV) to denote this material The absorption spectra of
the oxy, ferri, deoxy, and ferri-peroxide derivatives were accurately
determined in the 450-700 nm reglon with e-values based on
e53p(MbO,) = 1.46 x 104 M~1! em—1 (Hardman et al., 1966).

All solutions, buffered with phospate (0.01M}) at pH 7.3, were
thoroughly deaerated by saturation with NoO or Arx. Irzadiations
were performed at 20 + 2°C using v-sources with dose-rates of 6.1
and 14,9 krad min~!. Data collection consisted of multiple spec-
trophotometric scans in the 450-700 nm region before and after
radiolysis.

Upon radiolysis, ea_q (2.8}, -OH (2.8), Hp04 (0.7) and H- (0.6)
are generated in aqueous solution with the molecular yields per-100
eV of absorbed energy, or G-values, shown in parentheses. In N,O-
saturated sclution, e, Is rapidly converted to -OH radical (Anbar
et al., 1972). The reactive -OH radical can be effectively removed by
scavenging with ferf-butyl alcohol, which in Ar-purged solution
leaves e;l as the dominant reactive radical.

'RESULTS & DISCUSSION

THE SPECTRAL CHANGES incuded upon irradiation of
ferriMb in deaerated agueous solution show a depletion of
the characteristic ferri peaks. at 503 and 630 nm, accom-
panied by absorbance growth in the 520-610 nm region,
for both -OH and e;; as precursor radicals. After irradia-
tion there is a slow thermal regeneration of ferriMb absorb-
ance at the expense of the absorbance growth, which was
followed for a period of 0-5 — 1 hr. This thermal process
has been reported at room temperature by Bernofsky et al.
(1959). The observed spectral changes were analyzed in
terms of the percent composition of the ferri, deoxy, and
ferri-peroxide forms of myoglobin, based on the known
e-values for each prosthetic form and absorption measure-
ments at three chosen wavelengths (500, 560, 590 nm)
through the solution of simuitaneous eguations based on
Beer’s Law. The derived constancy of total {myoglobin]
throughout each analysis is consistent with the absence of
any significant quantities of absorbing species in solution
other than those analyzed.

The spectral-based composition analysis shows that the
radiolysis of deaerated solutions induces a conversion of
ferriMb to both Mb and Mb(IV) and that the thermal re-
generation of the ferr form is at the expense of both
products. In order to examine the radiation-induced com-
position changes, component compositions were extra-
polated through the early portion of the thermal process
(through << 15% of the total thermal change) back to zero
time, chosen as the mid-point of the radiolysis duration.
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These analyses were firstly applied to N2O-saturated
solutions containing 30 * 2 uM ferriMb y-radiclyzed with
doses of 3.1—55.2 krad. The -induced composition changes,
corrected for the post-irradiation process, are shown as a
function of dose in Figure 1a. For doses above ~v30 krad,
the solution composition is essentially independent of dose
for further moderate increases, remaining 44% ferri, 18%
deoxy, and 38% ferri-peroxide. Solutions initially 34% or

100% Mb(IV} approach the same steady-state, but at sig-.

nificantly higher doses, The G(Mb) and G(Mb(IV)) values
are plotted against dose in Figure 1b. In the limit of zero
dose, G(Mb) = 1.4 £ 0.2 and G(Mb(IV)) = 0.7 £ 0.1. This
latter value is fully consistent with H,0, being the domi-
nant source of ferrimyoglobin peroxide production.

The egy-induced composition: changes were determined
in Ar-purged solutions containing 38 * 2 uM ferriMb and
0.1 terr-butyi alcohol in the dose range 1.6—69.7 krad.
The corrected composition changes are shown as a function
of dose in Figure 2a, where a plateau region is again at-
tained. The solution composition at the steady-state is 64%
Mb, 12% Mb(1V), and 24% ferriMb, markedly different
from the ‘OH analogue. In the limit of zero dose, G(Mb) =
1.6 £ 0.2, as shown in Figure 2b.

In the context of the report by Bernofsky et al (1959),
two features. of clarification emerge. In their absence of
knowledge about attainment of a radiolysis steady-state,
these authors did not consider that their aerated product
spectrum - was a mixiure of myoglobin derivatives. Both
Mb(IV) and MbO, may be present, along with unconverted
ferriMb. In addition, our results further suggest that the post-
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Fig. 1—{a) y-induced composition changes, (b) G-values, as functions
of dose for NoO-saturated solutions, 20 £ 2 pM in myoglobin at pH
7.3 Ferrimyoglobin (e), deoxymyoglobin (a), ferrimyglobin per-
oxide (4).

RADIOLYSIS OF FERRIMYOGLOBIN . ..

irradiation process observed by these authors after room-
temperature radiolysis involves the ferzi-peroxide and
deoxy forms of myoglobin as reactants. Further details of
this process will be reported elsewhere.

A NjO-saturated 27,5 uM ferriMb solution y-irradiated
to 14.9 krad was thoroughly aerated after following the de-
acrated postdrradiation process for § min, Upon aeration,
the Mb product quantitatively converis to MbO, which
then continues the thermal reaction at-a similar rate. Com-
position analysis was based on the MbO,, ferriMb, and
Mb(I1V) forms. When N;O-saturated ferriMb solutions
(27.5 uM) are y-irradiated (3.9—5.5 krad) in the presence of
0, (0.31-0.46 mM), there is no reductive conversion of
ferriMb to MbQ,; the peroxide is the only product with
GMb(IV)) = 1.3 £ 0.1. This compares with G(Mb) =
0.6—0.7 and G(MbIV} = 0.7 (from Figure 1b) in deacrated
solution. Those -Oy radicals generated from the -H + O,
-+ -HQO, (= -0, + H*) scavenging reaction under the exper-
imental condijtions employed would subsequently produce
negligible quantities of MbOy or ferri-peroxide by reaction
with the ferriMb substrate, This assertion follows from
the study of Ferradjni et al. (1978) on the interaction of

~._05 with ferrthemoglobin.

These quantitative resulfs clarify the Giddings and Maz-
kakis (1972) report that, depending on solution deaeration,
MbO, and MBb(IV) aré separately generated in ferriMb
radiolysis. That G(Mb(IV)) obtained in the presence of G,
is similar to G{Mb) + G{Mb(IV)) obtained by radiolysis in
the absence of O, suggests that the extra peroxide gener-
ated in its presence, beyond that accountable by reaction of
H,0,, may result from a diversion.of intermediate reac-
tivity away from reductive conversion toward peroxide
production. We find no support for the claim by these
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Fig. 2—fa} ~-induced compasition changes; (b} G-values, as func-
tions of dose for Ar-purged sofutions, 38 = 2 pM in myoglobin and
0.1M in tert-butyl alcohol at pH 7.3. Ferrimyoglobin (e), deoxy-
myoglobin (a), ferrimyoglobin peroxide (&),
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authors that MbO, is solely generated in deaerated solution;
our quantitative analysis clearly demonstrates only Mb and
Mb(IV) production. Since H;0, radiolysis-generation is
independent of aeration, and the ferriMb + H; Q4 — ferri-
peroxide reaction evolves O, rather than requiring it
{King and Winfield, 1963), we assert that the peroxide
must also be generated under deaerated conditions. In
addition, arguments presented by these authors for O,
production via -HO, radical involvement have no basis,
since this radical is nof a radiolysis product in deaerated
solution. The *“residual oxygen’ they have reported as a
possibie source of Mb — MbO, conversion might possibly
result from air-leakage into their solution vessel during
“irradiation under vacuum.”

The novel features that have emerged in this study have
enabled us to correct earlier misconceptions about the
nature of the radiclysis of ferri-myoglobin in agueous
solution. As a consequence, a better perspective is provided
of the radiation-induced color changes in meat samples.
The radiation dose delivered and the time of product analy-
sis after irradiation must be considered when radiolysis of
meat samples or extracts are compared with regard to color
change phenomena.
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